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Advances of quantum control technology have led to nearly perfect single-qubit control of nuclear
spins and atomic hyperfine ground states. In contrast, quantum control of strong optical transitions,
even for free atoms, are far from being perfect. Developments of such quantum control appears to be
bottlenecked by available laser technology for generating isolated, sub-nanosecond optical waveforms
with sub-THz programming bandwidth. Here we propose a simple and robust method for the desired
pulse shaping, based on precisely stacking multiple delayed picosecond pulses. Our proof-of-principal
demonstration leads to arbitrarily shapeable optical waveforms with 30 GHz bandwidth and 100 ps
duration. We confirm the stability of the waveforms by interfacing the pulses with laser-cooled
atoms, resulting in “super-resolved” spectroscopic signals. This pulse shaping method may open
exciting perspectives in quantum optics, and for fast laser cooling and atom interferometry with
mode-locked lasers.
I. MOTIVATION
Quantum control on short lived optical transitions has
historically been limited by the lack of suitable pro-
grammable light sources. In this paper we extend and
adapt techniques from ultrafast science [1, 2] to be com-
patible with controlling isolated electric dipole transi-
tions in free atoms. Specifically we realize shaped 100 ps,
795 nm pulses with 30 GHz bandwidth which are used to
coherently drive loss from optically trapped 87Rb atoms
on the D1 line. This first demonstration opens the door
to more sophisticated quantum control applications such
as implementing precise phase gates for cooperative emis-
sion control in atomic gases [3, 4].
To clarify the technical challenges associated with the
quantum controls that motivate this work, we generally
consider an optical “spin” defined on a strong transition
of a free atom between its ground state |g〉 and an ex-
cited state |e〉. It is well-known that the dynamics of
such optical spin can be represented by a state vector
on a Bloch sphere [5]. The quantum state can thus in
principle be precisely controlled through electric dipole
interaction with the electric field of an optical pulse, with
the complex field E(t) at the positive frequency and the
associated Rabi frequency Ω(t) = E(t)·degeiωegt/~. Here
ωeg and deg are the transition frequency and the dipole
matrix element respectively. However, precise control of
the optical spins is substantially more challenging than
the microwave control of nuclear spins [6]. To start with,
a prerequisite for high precision 2-level control is to main-
tain a “clean” system free of uncontrolled multi-level cou-
plings. To avoid the couplings or even photo-ionization
in real atoms, moderate peak field |Epeak| and peak Rabi
frequency Ωpeak are preferred. Meanwhile, simple but
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meaningful controls require a long enough duration τc at
pi/Ωpeak level, such as for coherent population inversion.
The combined requirements for real atoms suggest that
to achieve precise control of an optical transition, con-
trol over long duration with narrow-band or picosecond
pulses are preferred over ultrafast pulses. But techniques
for shaping of picosecond pulses are relatively underde-
veloped [1, 2]. On the other hand, for a strong transition
with a typical Γe ∼ 2pi×10 MHz linewidth, optical pulses
with τc  1/Γe are challenging to produce by modulating
continuous wave (CW) lasers, while control with multi-
ple pulses from mode-locked lasers or frequency combs [7]
would require a pulse train with repetition Trep  1/Γe,
also beyond the standard technology. Finally, for a laser
beam with intensity I ∝ |E|2 and Ω(r, t) ∝ √I(r, t), in-
tensity inhomogeneity across the sample and shot to shot
variation over time translate directly into the spin con-
trol error, leading to degraded average control fidelity if
a highly uniform laser intensity profile with temporary
power stability cannot be maintained.
The pulse shaping method to be introduced in this
work is motivated by the possibility of extending the
composite pulse techniques as applied in Nuclear Mag-
netic Resonance (NMR) [6, 8–13] to the optical domain,
so as to achieve error-resilient precise control of strong
optical transitions in a stable and robust manner. It
is well-known in the quantum control community [10–
13] that intensity errors during the 2-level control can
be suppressed by shaping the control pulses with opti-
mized amplitude and phase functions. We shall char-
acterize the shaped waveform with a modulation band-
width δfM and duration τc. Since flexible shaping re-
quires a large δfM × τc product, useful shaping for sub-
nanosecond τc controls requires arbitrarily programmable
bandwidth δfM beyond 10 GHz and into the sub-THz
regime. This modulation bandwidth is not well suited
to CW laser modulation technology [4, 14, 15]. On the
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2FIG. 1. (a) Schematic for the diffractive multi-delay generation based picosecond pulse shaping setup in this work. (b)
Schematic for a representative Fourier transform pulse shaping setup. (c) Schematic for a representative direct space-to-time
pulse shaping setup. PBS: polarization beam-splitter. AOD: Acoustic Optical Deflector. AOM: Acoustic Optical Modulator.
O.I.: Optical Isolator. HWP: half-wave plate. SLM: Spatial light modulator.
other hand, as will be clarified further, the well-developed
ultrafast pulse shaping techniques [1, 2] are typically not
suitable for the relatively narrow-band control. In this
work we propose a precise pulse shaping method, with
transform-limited picosecond pulses as inputs, that sup-
ports the generation of arbitrarily programmable wave-
forms with duration τc approaching nanoseconds and
with sub-THz modulation bandwidth δfM only limited
by the bandwidth δfLin of the input picosecond pulse.
The proposed setup, in its basic form, is schematically
shown in Fig. 1(a). The basic idea is to perform pre-
cise pulse shaping in the time domain [16–19], by coher-
ently stacking multiple sub-pulses with arbitrarily pro-
grammable amplitudes, relative phases, and delays. To
generate the multiple delays, acoustic-optical deflections
in the “double-pass” configuration are implemented to
create stable, co-propagating multiple optical delay lines
which are interferometrically coupled to a single mode
output. Comparing with previous time-domain shap-
ing methods, our method divides the initial pulse in k
space instead of e.g. cutting wavefronts in real space,
leading to stable single-mode output coupling efficiency
which is insensitive to the shaping parameters. Simi-
lar to Acoustic Optical Programmable Dispersive Filter
(AOPDF) [20, 21], the multi-delay based pulse shaper
is a linear optical filter, but supports orders of magni-
tude longer delays for control with long pulse duration τc.
Specifically, the delays supported by “retro-diffraction”
from a large-area grating can be a few hundred of pi-
coseconds, while delays beyond nanoseconds can be im-
plemented with additional gratings combined with proper
beam waist managements. The passive phase stability for
the co-propagating delay lines is protected by common-
mode rejection of vibration noise. Long term waveform
stability can be interferometrically monitored by a CW
laser injected into the same optical paths.
In the following we first outline the operation prin-
ciple of the new pulse shaper scheme. We then dis-
cuss a proof-of-principle demonstration of the method
by achieving δfM ≈ 30 GHz arbitrarily shapeable pulses
with control duration τc up to 100 ps in a “small sig-
nal” regime. We realize a first demonstration of coherent
interaction between shaped picosecond laser pulses with
laser-cooled atoms. Owning to the excellent phase sta-
bility of the shaper, we demonstrate remarkably sharp,
“super-resolved” spectroscopic features with frequency
resolution beyond the transform limit of the pulses. In
the discussion section we quantify the performance limi-
tations to the shaper scheme, in particular, we outline a
path toward operating the programmable shaper at the
3power efficiency limit with long-term waveform stability.
We then discuss the relation between this scheme with
traditional frequency and time-domain shaper schemes,
and clarify the unique potential of our scheme for gener-
ating isolated, wide-band shapeable waveforms for high-
precision quantum control of strong optical transitions.
II. PROGRAMMABLE PULSE SHAPING BY
DIFFRACTIVE MULTI-DELAY GENERATION
We consider pulsed picosecond optical input at a cen-
tral laser frequency ωL with a spectral bandwidth δf
L
in
and temporal duration τ , with the positive frequency
part of the electric field expressed as Ein(t). Spatially
the input is in a Gaussian mode with collimated waist w
and wave-vector kin. As in Fig. 1(a), the input pulse is
deflected (Bragg-diffracted) by an acoustic-optical deflec-
tor (AOD) (I) driven by multiple frequency rf source with
angular frequency ωi (i = 1, ..., N). For each ωi sound
wave, the acoustic-optical deflection leads to sub-pulse
E
(1)
i = Aie
iϕciEin at deflection angle θi = ωi/|kin|vs (vs
is the AOD speed of sound), with diffraction amplitude
Ai ∝ Aci and phase ϕci controlled by the driving rf sig-
nal at the ωi frequency, in the “small signal” and linear
regime.
After the AOD, a sub-pulse E
(1)
i is focused by an
aberration-corrected wide-field lens (II) at a distance F
away into its wG = λF/piw Gaussian waist. Here F is
the effective focal length and λ = 2pi/|kin| is the central
wavelength of the laser. To generate tunable optical de-
lays, a large area grating (III) is centered to the focal
plane to “retro-diffract” the pulse back, in a “broadband
regime” with grating diffraction bandwidth δfG  δfLin
(see Sec. IV A), to its approximately time-reversed wave-
front. The ωi-independent diffraction is helped by cen-
tering the AOD to the input focus of the lens to obtain
ωi-independent incident angle α = asin(λ/2d) (d is the
grating constant) toward the grating. To achieve efficient
retro-diffraction in this configuration [22], the polariza-
tion of the input beam needs to be optimized, and high
density gratings with d < λ are preferred to ensures single
order diffraction. By introducing the ωi-dependent extra
optical path ∆Li = θitan(α)F , the retro-diffraction in-
duced optical delay τi = 2∆Li/c is expressed as
τi =
ωiλ
vs
F
pic
√
4d2/λ2 − 1 , (1)
without introducing delay-dependent phase shifts.
Aided by the time-reversal symmetry, the retro-
diffracted E
(1)
i back through the F -lens is deflected again
by the ωi sound wave in AOD, with nearly identical de-
flection efficiency as that for the first deflection. The
complex electric field after the 2nd AOD can be ex-
pressed as Ei,out = Aie
i(ϕci+δϕ
c
i)E
(1)
i . Here δϕ
c
i = δϕ
c
i (ωi)
accounts for sound wave phase change during the ωi-
dependent optical delay. The wave-vector is shifted back
to the ωi-independent kout = −kin for the single-mode
output coupling. Taking into account an overall loss co-
efficient κ including those due to the grating and fiber
couplings, the shaped composite pulse can be expressed
as
Eout(t) = κ
∑N
i Ei,out(t),
= κ
∑N
i A
2
i e
iϕiEin(t+ τi).
(2)
To arrive at Eq. (2) we have ignored the rf frequency
shifts to the picosecond pulses [23] . With Ai ∝ Aci
and ϕi = 2ϕ
c
i + δϕ
c
i in the linear regime of the shaper
operation, it is straightforward to generate arbitrary
{Ai, ϕi, τi} sub-pulse arrays with the {Aci , ϕci , ωi} rf con-
trol signals as prescribed by Eqs. (1)(2). For the in-
put pulse with duration τ , the overall duration τc of the
shaped waveform is limited to (τd)max+τ , with the maxi-
mum delay (τd)max specifying the range of {τi} supported
by the grating retro-diffraction (Sec. IV D). As for all the
linear optical filters, the filter efficiency for the single-
mode N sub-pulses with nearly equal amplitudes and
arbitrarily programmable phases is fundamentally lim-
ited to ηE ∼ |κ|2
∑ |Ai|4 ∼ 1/N in terms of energy, and
ηP = |κ|2〈|Ai|4〉 ∼ 1/N2 in terms of peak power. With
Ein(ω) in the frequency domain, it is also convenient to
rewrite Eq. (2) as Eout(ω) = s(ω)Ein(ω), with the filter
function
s(ω) = κ
N∑
i
A2i e
iϕie−iωτi . (3)
III. EXPERIMENTAL DEMONSTRATION
We demonstrate the Fig. 1(a) scheme by shaping
picosecond pulses from a mode-locked laser (Spectro-
Physics Tsunami system) with λ = 795 nm, transform-
limited τ ≈ 11 ps pulses at f0 = 80 MHz repetition
rate. The beam waist is adjusted to w = 1.5 mm for
the acoustic-optical deflection, which is realized by an
acoustic-optical modulator (AOM) with 80 MHz cen-
tral frequency and 20 MHz bandwidth. To repeat the
pulse shaping at MHz rate, the AOM is driven by multi-
frequency rf at ωi = 2pi × (f0 + ni∆f) with ni and
∆f/MHz set as integers. The ωi signals from synthe-
sized rf sources (NOVATech 409B), phase-locked to the
f0 = 80 MHz reference, are combined with a multi-
port splitter (Minicircuits 15542 ZFSC-24-1). In typi-
cal experiments with fixed ωi combinations, A
c
i and ϕ
c
i
are rapidly programmed into the rf sources, amplified
to update the AOM sound waves in less than a mi-
crosecond. The Eout pulses at ϕ
c
i -specific times are post-
selected by an AOM-based pulse picker (not shown in
Fig. 1(a)), with ∼ 20% pulse picking efficiency and at
a lower Trep = 1/∆f repetition. With speed of sound
vs = 4260 m/s we operate the AOM near its bandwidth
limit to achieve ∆θi within ∼5 mrads range. We ex-
pect an enhanced range to ∼50 mrad using an AOD with
smaller vs.
4For the small ∆θi range in this work, we use a
D=50 mm achromatic lens (Thorlabs AC508-750-B) with
a focal length F = 750 mm (II) to achieve a diffraction-
limited focus with wG = 130 µm at the grating interface.
We use a 2400 line/mm holographic grating (III) with
d = 0.42 µm. Retro-diffraction efficiency close to 70% is
achieved by adjusting the incident polarization into the
incident plane. Aided by a Faraday rotator, the AOM-
double-passed beam is separated from the input with
a polarization beamsplitter and is subsequently coupled
into a single-mode polarization maintaining fiber as the
output. The fiber coupling efficiency of ∼ 60% is approx-
imately ωi−independent within the limited ∆θi range,
and we achieve (τd)max ∼ 100 ps maximum delay (Fig. 6).
The overall coupling efficiency |κ|2 ∼ 0.05 (Eq. (2)) is a
result of non-ideal pulse picking, fiber coupling, and grat-
ing diffraction losses. We operate the shaper in the small
signal regime, with single-pass AOM deflection efficiency
of |Ai|2 ∼ 1 − 3% to ensure the linear operation of the
shaper up to N = 6 pulses. This leads to an overall
power efficiency of ηP ∼ 10−5. Nevertheless, with Ein at
P ≈ 1 kW peak power, Eout at ∼10 mW peak power is
still obtained at the output.
A. Time-domain characterization
We verify the shaper performance by measuring both
the time-domain I(t) = |Eout(t)|2 and the frequency-
domain I(ω) = |Eout(ω)|2 of the shaped pulses under
various {ωi, Aci , ϕci} controls. In the time domain, we use
auto-correlation measurements based on phase-matched
2nd harmonic generation, with a APE PulseCheck 150
auto-correlator. Limited by the available auto-correlator
range of delay, we only perform the measurement for N =
2 and N = 3 sub-pulse arrays. We keep the pulse picker
fully open to enhance the signal levels. Typical results
are given in Figs. 2(a)(b) for the cases of N = 2, 3 sub-
pulses respectively. With knowledge of sech2-shaped sin-
gle pulses, we de-convolve the auto-correlation curves to
obtain the ϕi-averaged intensities I(t) as in Figs. 2(c)(d).
We repeat the N = 2 sub-pulse measurements at dif-
ferent AOM deflection angles with ∆θ1,2 controlled by
the rf frequency difference ∆ω1,2 = ω2 − ω1. In Fig. 2(e)
the fitted relative delays ∆τ1,2 = τ2 − τ1 are plotted vs
∆ω1,2. The measured ∆τ1,2 − ∆ω1,2 relation agrees ex-
cellently with Eq. (1) which predicts a slope within 0.5%
difference. The setup simplicity in Fig. 1(a) allows us to
extrapolate the high ωi−τi control quality from N = 2, 3
to shaped pulses with N > 3 sub-pulses.
B. Trap loss spectroscopy
We take the advantage of stable atomic frequency ref-
erence afforded by laser-cooled trapped alkali atoms, and
use trap loss spectroscopy to characterise the waveforms
FIG. 2. Auto-correlation measurements of the shaped pulses
with N = 2 sub-pulses associated with the two AOM fre-
quencies ω1,2 = 2pi × 76, 92 MHz; and N = 3 sub-pulses,
ω1,2,3 = 2pi × 76, 84, 92 MHz frequencies. Figs. (a)(b)
are representative auto-correlation signals. Figs. (c)(d) give
corresponding I(t). In Fig. (e), ∆τ1,2 vs ∆ω1,2 extracted
from ten measurements similar to those in Figs. (a)(b) are
plotted with red dots. The error bars represent the fit uncer-
tainties. By fitting the data, the green line gives ∆τ1,2/ps ≈
3.0 ∆ω1,2/(2pi ×MHz), in excellent agreement with Eq. (1).
of the shaped pulses in the frequency domain. The basic
setup of the trap loss spectroscopy is sketched in Fig. 3.
The central frequency ωL of the τ = 11 ps shaper in-
put is adjusted to have (normalized) spectrum I0(ω) with
δfLin ≈ 30 GHz width covering the 87Rb 5S1/2−5P1/2 D1
line (795 nm) centered at ωeg = 2pi × 377107 GHz [24].
The shaped Eout pulses with spectrum I(ω) = S(ω)I0(ω)
are focused to overlap with an optically trapped 87Rb
sample at ∼ 10 µK temperature, prepared by laser cool-
ing and moderate evaporation [4]. By subjecting the
atoms to a sequence of shaped pulses with a repetition
period Trep  1/Γ, the D1 excitation followed by sponta-
neous emission during each repetition gradually heats the
atoms up, leading to probabilistic escape of the hottest
atoms whose kinetic energy is beyond the dipole trap
depth U . Here Γ = 2pi × 5.7 MHz is the D1 natural
linewidth, and S(ω) = |s(ω)|2/(|s(ω)|2)max is a normal-
ized pulse shaping spectrum factor, with s(ω) in Eq. (3)
and (|s(ω)|2)max = |κ
∑
A2i |2.
We consider linearly polarized shaped pulses with du-
ration τc at typical ∼ 5 mW peak power focused to a
∼ 50 µm spot, with an (Eout)peak ≈40 kV/m peak field
and an Ωpeak = (Eout)peak · deg/~ ≈ 2pi × 1 GHz peak
5FIG. 3. Setup for “super-resolved” trap loss spectroscopy
with shaped picosecond pulses. (a) Schematic diagram for
shaped pulse excitation of 87Rb D1 line and the absorption
imaging setup. Here δfHFS,g = 6.8 GHz and δfHFS,e =
0.8 GHz are hyperfine splittings. We take the shaped wave-
forms with N = 2 sub-pulses and ∆τ1,2 = 96 ps as an ex-
ample. The spectrum given by I(ω) = I0(ω)S(ω) displays
S(ω) = sin2((ω∆τ1,2 + ∆ϕ1,2)/2) interference. For the wide-
band I0(ω), the sub-pulses sequence is with a transform-
limited frequency resolution δω ≈ pi/∆τ1,2. For weak and
repeated excitations, “super-resolution” features appear when
S(ω) at ω = ωeg ±piδfHFS,g vanishes. Representative absorp-
tion images for the trap loss spectroscopy during a ∆ϕ1,2 =
ϕ2−ϕ1 scan over 4pi (with ∆ϕc1,2 scanning over 2pi) are given
in Fig. (b). The data is from a denser set in Fig. 4(b).
Rabi frequency. Here |deg| = 1.46× 10−29 C·m is the D1
pi-transition dipole matrix element [24], and we use |g〉,
|e〉 to label the 5S1/2 ground and 5P1/2 excited states.
The weak Eout guarantees the pulse excitation probabil-
ity pe = |
∫
Eout(t) · degeiωegtdt/2~|2  1, which, as in
Appendix A 2, can be rewritten as pe = Θ
2
0S(ω)/4 with
Θ0 ∼ (Eout)peak ·degτc/~ to be the maximum pulse area
of the shaped waveform when all its sub-pulses construc-
tively contribute to the excitation in this 2-level model.
Experimentally we adjust the trap depth U ≈ kB ×
60 µK, the “heating” time Ttotal and Ntotal = Ttotal/Trep,
so as to achieve a high sensitivity for the fractional trap
loss l = ∆Na/Na as a function of pe during sub-pulse
phase scans. Here Ntotal represents the number of the
shaped pulses the atoms are exposed to, Na represents
the estimated atoms number in the trap and ∆Na repre-
sents the reduced atoms number. Assuming kinetic en-
ergy gain per excitation-emission cycle to be twice the re-
coil energy [24] (∆E ≈ kB × 700 nK), for Ntotalpe ∼ 100
the cumulative kinetic energy gain would be comparable
to trap depth U , leading to substantial trap loss. The
functional form of l(pe) depends on the trapping poten-
tial details and is therefore not precisely known. How-
ever, simple analysis suggests l increases monotonically
with pe and is more pe−sensitive for smaller l. With a
detailed study of l(pe) left for a future publication, here
we use the trap loss l to monitor pe subjected to shaped
pulses in repeated experiments.
Beyond the 2-level model, the experimentally es-
timated pe is in addition compared with a 3-level
model detailed in Appendix A 2, which by account-
ing for hyperfine optical pumping [25] leads to pe =
Θ20S˜(ωeg, δfHFS,g)/4. Here the spectral response func-
tion S˜(ω, δf) = 2S(ω+piδf)S(ω−piδf)S(ω+piδf)+S(ω−piδf) may vary sharply
over δf = δfHFS,g, even for shaped waveforms with an
overall duration τc  1/δfHFS,g such that the associated
transform-limited frequency resolution 1/2τc is much
larger than δfHFS,g. This frequency “super-resolution”
effect is related to population redistribution when the
spectrum factor S(ω) vanishes near a hyperfine reso-
nance. Observation of such “super-resolved” features re-
quires a shaper with substantially higher precision and
stability than those required for observing simple 2-level
dynamics.
FIG. 4. Phase-scanning trap loss spectroscopy for shaped
waveforms with N = 2 (a,b), N = 6 (c), and N = 3 (d) sub-
pulses. The inter sub-pulse delays are ∆τ1,2 = 24 ps, 96 ps,
12 ps and 24 ps from (a) to (d). See main text for detailed
descriptions.
We start with the simplest pulse shaping with N = 2
sub-pulses at various delays ∆τ1,2. For the 2-level model,
the double resonant pulses should lead to pe ∝ S(ωeg) =
cos2((ωeg∆τ1,2 + ∆ϕ1,2)/2) to dictate the trap losses
(Fig. 3). Experimentally, we set A1 ≈ A2 by adjusting
the control rf amplitudes, and then scan ∆ϕc1,2 = ϕ
c
1−ϕc2
in repeated experiments to record the corresponding trap
losses. According to Eq. (2) we have ∆ϕ1,2 = 2∆ϕ
c
1,2
6up to a constant offset. By adjusting the offset, the
trap losses l = ∆Na/Na vs ∆ϕ
c
1,2 are plotted in-phase
with S(ωeg) ∼ cos2(∆ϕc1,2) in Fig. 3. “Sub-pi” devi-
ation of data from the sinusoidal form are found near
the trap loss minimum, which is more pronounced in
Fig. 4(b) with the longer ∆τ1,2 = 96 ps, but is also seen
in Fig. 4(a) with ∆τ1,2 = 24 ps. Under both delays,
locations for the curved deviations are captured by the
spectral response function S˜(ωeg, δfHFS,g). In particu-
lar, the trap loss minimum (marked with red arrows) are
reached near (∆ϕ1,2)m = 2pi(1 ± δfHFS,g∆τ1,2/4) such
that the shaped pulse spectrum factor S(ω) vanishes at
the ω = ωeg ± piδfHFS,g hyperfine resonances. The “sub-
pi” features in Figs. 4(a)(b) thus correspond to resolu-
tion beyond the 1/2τc transform limit in the frequency
domain.
Similar “sub-pi” features are also found in N = 3
phase-scanning spectroscopy in Fig. 4(d). Here we again
set approximately equal A1,2,3. With ∆τ1,2 = ∆τ2,3 =
24 ps inter-pulse delays and the τc ≈ ∆τ1,3 + τ =
59 ps duration, we scan ϕc2,3 relative to ϕ
c
1 in 2D, with
ϕc1 fixed in repeated experiments. The 2D trap losses
again demonstrates features beyond the expected ex-
citation probability by the simple 2-level model which
suggests pe ∝ S(ωeg) =
(
sin2(∆ϕc1,2) + sin
2(∆ϕc2,3) +
sin2(∆ϕc3,1)
)
/3. The “sub-pi” features again appear in
the small l regime and are well-captured by the corre-
sponding S˜(ωeg, δfHFS,g) (Appendix A 2) in Fig. 4(e).
We finally demonstrate pulse shaping with up to N = 6
sub-pulses (Fig. 4(c)). Here, with ∆τi,i+1 = 12 ps equal
inter-pulse delay and approximately equal A2i , we uni-
formly vary ϕc1,3,5 = ϕ
c
2,4,6 + ∆ϕ
c of the τc ≈ 83 ps
waveform and to record trap loss l in repeated experi-
ments. Here ϕc1,3,5 is set according to the marker “E” in
Fig. 4(d) for 3-pulse full constructive interference to the
atomic excitation. By adjusting ϕc1,3,5 and ϕ
c
2,4,6 out of
phase, however, we see substantially reduced trap loss l
near ∆ϕc = pi/2, 3pi/2. Comparing with Fig. 4(a)(b), the
“super-resolution features” at small l nearly disappear,
which is quite expected since with ∆τi+1,i =12 ps the
spectrum factor S(ω) varies so slowly that little difference
is found across the δfHFS,g interval. Correspondingly, the
spectral response function S˜(ωeg, δfHFS,g) is largely sinu-
soidal (though near ∆ϕc = pi/2, 3pi/2 the sub-pi features
do still exist, as marked. The expected feature is below
our experimentally achieved signal-to-noise).
The contrast of the experimentally measured l =
∆Na/Na as in Figs. 4(a-d) are generally less than 100%
during the phase scans, which is partly explained by the
amplitude-imbalanced sub-pulses with reduced S(ω) con-
trast in the first place. We emphasize that the phase-
scanning data are from ∼ 6 hours of measurements where
the cold atom sequence cycles every 1.5 seconds. We
do not observe phase-sensitive fluctuation of trap loss
data, suggesting the phase stability of the shaper during
the measurement repetitions. The phase stability is pas-
sively maintained over several days in our temperature-
stabilized lab.
FIG. 5. Reconstruction of shaped waveform intensity Iout(t)
and Re[Eout(t)] quadrature (in the ωeg rotating frame) ac-
cording to Eq. (2), for N− sub-pulse array with uniform {Ai}
and specific phase combination {ϕi} marked in Figs. 4.
To illustrate the actual optical waveform obtained from
the shaper for the trap loss spectroscopy, we calculate the
complex Eout(t) using Eq. (2) with the transform-limited
Ein(t). Typical reconstructed waveforms are presented in
Fig 5.
IV. DISCUSSIONS
FIG. 6. Typical (τd)max (associated with zR,G = λF
2/piw2)
and δfG (associated with wG = λF/piw) in the shaper
scheme vs the Gaussian waist w of the input laser near
the AOD, for pulse shaper with various lens focal length F
(F = 200 mm, solid line; F = 750 mm, dash line). We con-
sider λ = 0.8 µm and a 2400 line/mm grating with grating
constant d = 0.42 µm. The colored circles mark the limits
in this work. With δfG we can estimate the delay resolu-
tion (τd)min = pi/(2δfG). For operation of the shaper in the
“broadband regime” of grating diffraction, δfG sets the upper
bound for the input pulse bandwidth δfLin which is also equal
to the modulation bandwidth δfM of the output waveforms
with duration τc ≤ (τd)max + τ .
7A. Maximum/minimum delay, and waveform
modulation bandwidth
To understand the delay generation based on retro-
diffraction (Fig. 1(a)), we consider the grating diffrac-
tion in a “broadband regime” with single mode diffrac-
tion bandwidth δfG =
√
4d2/λ2 − 1c/(piwG) much larger
than the spectrum width of the incident pulse δfLin. Here
δfG is set by the duration of the pulse-grating interaction
for each incoming beam with diffraction limited waist
wG = λF/piw, and we have focal length F , incoming
beam waist w, grating constant d and wavelength λ as in
Fig. 1(a). In this δfG  δfLin regime, the retro-diffraction
only contributes to the loss factor κ as in Eq. (2) with-
out affecting spectral phase of each Ei,out. The maximum
delay (τd)max is limited by the retro-diffraction efficiency
within the Rayleigh range zR,G = piw
2
G/λ of the focused
Gaussian beam as (τd)max = 2zR,G/c = 2F
2λ/(piw2c).
The minimal delay (τd)min between sub-pulses is in-
stead set by the AOD frequency resolution ∆ω = 2vs/w
through Eq. (1) as (τd)min = 2λF/(piwc
√
4d2/λ2 − 1).
We thus find (τd)min = pi/(2δfG). For transform-limited
sech2 input with duration τ and δfLin ≈ 0.315/τ , δfLin 
δfG as in this work thus suggests (τd)min  τ for ar-
bitrarily shaping of the output. Therefore, the shaper
can produce arbitrary waveforms with duration τc ≤
(τd)max +τ within the modulation bandwidth δfM = δf
L
in
set by the input pulse bandwidth.
To give concrete examples, in Fig. 6 we plot the
wG−limited δfG and zR,G-limited (τd)max as a function
of input beam size w for typical experimental settings.
Here the δfG lines set the δfM = δf
L
in limit for oper-
ation of the shaper in the “broadband regime”. The
limits for F = 750 mm, w = 1.5 mm as in this work
is also marked. Operation of the shaper with (τd)max
in nanosecond regime is possible by increasing the ratio
F/w at moderate reduction of δfG.
The shaper properties are more complicated in the
“narrow-band regime” of diffraction with δfG  δfLin. In
this case the diffraction selects Ei,out within a δfG band-
width, which itself depends on the incident beam size
that varies across the Rayleigh range zR,G. The delay-
dependent filtering leads to output waveforms beyond
Eq. (2). Also, the output cannot be “arbitrarily” pro-
grammed particularly since (τd)min is close to the pulse
duration at the output. Understanding and optimization
of the shaper in this “narrow-band regime”, particularly
for ultrafast pulse shaping, is an interesting topic for fu-
ture study.
B. Extended delay and bandwidth
Beyond the basic Fig. 1(a) setup, enhancement of
(τd)max beyond nanoseconds is possible by individually
managing groups of sub-pulses with 4-F imaging systems.
Each sub-pulse group is then optimally retro-diffracted
at different focal wG location. Alternatively, the large
area gratings can be replaced with an integrated ar-
ray of curved micro-mirrors for wavefront-matched retro-
reflections over extended delaying distances. The replace-
ment of gratings with mirrors would compromise the de-
lay tunability. However, continuous tunability of inter-
pulse delays is often not crucial, as long as the pulse spac-
ing is short comparing with the timescales for the dynam-
ics of interest, as in nonlinear spectroscopy [26] and quan-
tum controls [11, 13]. With the extension and by keep-
ing δfM = δf
L
in, our shaper scheme would support highly
complex waveforms with long duration τc ≤ (τd)max + τ
and extremely large δfM × τc product.
C. Phase and amplitude stabilization
The passive waveform stability demonstrated in this
work is nevertheless subjected to long-term drifts of op-
tical alignments, as suggested by the Fig. 4 data. In
addition, the phase stability is expected to degrade when
sophisticated (τd)max-extending beam-steering optics are
introduced. Fortunately, it should be quite straightfor-
ward to actively stabilize the multiple delay lines. For ex-
ample, a frequency-stabilized CW laser at a wavelength
close to that for the pulse laser can be injected to co-
propagate with the sub-pulses. We can then monitor the
amplitudes and phases of the CW beams double-deflected
by the ωi-sound waves, with heterodying measurements
at the output to resolve the 2ωi beat signals. As such,
the same {Ai, ϕi} pulse control parameters are retrieved
and stabilized by adjusting {Aci , ϕci} for the rapid AOD
sound-wave updates. To avoid cross-talks between the
pulsed shaper outputs and the CW monitoring laser, the
CW measurements can be operated stroboscopically in
between the shaped pulses.
D. Reaching the efficiency limit
The programmable pulse shaper relies on rf-control
of the {Ai, ϕi, τi} sub-pulses as prescribed by Eq. (2).
The programming is straightforward in the small signal
regime, with Ai ∝ Aci and ϕi = 2ϕci up to a phase offset.
However, operation of the shaper in this regime quite
unavoidably leads to very low efficiency (Sec. III), with
an average sub-pulse AOD deflection efficiency 〈|Ai|4〉 ∼
10−4 and overall power efficiency ηP ∼ 10−5 in this work.
To apply the shaper to more power-demanding experi-
ments such as for error-resilient quantum controls of large
samples, the shaper efficiency needs to be substantially
improved, ideally to the fundamental ηP ∼ 1/N2 limit
for the filtering-based arbitrary shaper. The AOD non-
linearity can be partly suppressed with better amplifica-
tion linearity at high output rf power, and more efficient
acoustic-optical transduction. However, ultimately the
nonlinearity in the Ai = Ai({Acj , ϕcj}), ϕi = ϕi({Acj , ϕcj})
controls would emerge due to depletion of the 0th-order
beams during Bragg-diffractions. Therefore, to reliably
8operate the pulse shaper at the ηP ∼ 1/N2 efficiency
limit, we expect global {Acj , ϕcj , ωj}-optimization to com-
pensate for the nonlinear responses including cross-talks,
so as to achieve the target {Ai, ϕi, τi} control. Given
the stability of the nonlinear effects to be compensated
for, we expect efficient optimization based on in situ CW
laser measurements (Sec. IV C) for reliable pulse shaper
operation near the efficiency limit.
E. Comparison to other shapers
As mentioned, our method is a form of acoustic-optical
programmable filter that supports delays much longer
than those limited by the crystal size in traditional
AOPDF [20, 21]. The AOD acts as a multi-port beam-
splitter that interferometrically couples programmable
delay lines into a single mode output. Similar multi-
port interferometry using multiple optical beamsplitters
can also generate the delayed pulse sequences using indi-
vidually stabilized delay lines [27–30] with partial or full
phase/amplitude programmability. Comparing with the
mechanical delay-line based pulse sequence generators,
here the number of delay lines N and the amount of de-
lays {τi} are rapidly re-configurable, an important advan-
tage for optimal quantum control. In addition, the par-
allel propagation of multiple delay lines through a same
set of optics (Fig. 1a) ensures vibration-insensitive pas-
sive phase stability. The relative phases can in addition
be conveniently stabilized by a single CW laser measure-
ment (Sec. IV C).
In the following we discuss the connection between
our method with the Fourier transform pulse shaping
(FTPS [31–34]), and the direct space-to-time pulse shap-
ing (DSTPS [16–19]).
In typical FTPS setups (Fig. 1(b)), the input pulses
E(t) are dispersed to establish a f−y frequency-position
mapping. Programmable spectral phase and transmis-
sion are applied as A(f(y))eiϕ(f(y))E(f(y)), before an-
other diffraction recombining the frequency components
into the output. FTPS has been very useful in ultra-
fast science, particularly for optimal control [35, 36] and
multi-dimensional spectroscopy [37, 38]. However, FTPS
appears not particularly suitable for shaping long pulses
for narrow-band applications. In particular, as discussed
in the Motivation section, precise control of optical tran-
sition prefers long control time τc with nearly resonant
pulses. To stretch narrow-band pulses with long opti-
cal delays, highly dispersive diffractions needs to be sta-
bly maintained in FTPS. Furthermore, the transmission
function A(f(y))eiϕ(f(y)) needs to be rapidly modulated
in space, usually leading to unwanted diffraction losses in
the single mode outputs [39, 40]. Such spatial-temporal
coupling effects can be mitigated if the spectrum of the
shaped pulse forms stable and sparse combs. Indeed,
more recent developments allow FTPS to engineer high
repetition frequency combs for completely controlled op-
tical arbitrary waveform generation (OAWG) [41–44].
However, it still appears difficult to isolate individual
shaped pulses from existing OAWGs for e.g., combined
maneuvers in quantum controls such as state preparation
and detection.
In typical DSTPS setups (Fig. 1(c)), E(x, y, z, t) prop-
agating along ex is spatially modulated across its wave-
front along ey. With the retro-diffractive optics similar
to this work, the spatial location y determines optical
delay t through a t − y mapping. The delay-dependent
transmission is directly programmed into the output as∑
y A(t(y))e
iϕ(t(y))E(t(y)). By operating the shaper in
the time domain, the transmission A(t(y))eiϕ(t(y)) can be
a smooth function even for long optical delays. Therefore,
comparing with FTPS, DSTPS is more suitable to stretch
a single narrow band pulse into a longer and phase pro-
grammable pulse without being severely affected by the
spatial-temporal coupling losses. However, the spatial
wavefront division generally affects the single-mode qual-
ity. The mapping also limits the shaping efficiency, par-
ticularly for generating sparse and isolated pulses since
a majority of the pre-aligned wavefronts needs to be
blocked.
The basic idea of the multi-delay based shaping scheme
(Fig. 1(a)) follows DSTPS as to directly program the
waveforms in the time domain. However, here the wave-
front is divided in k−space, and the shaping effect as in
Eq. (2) is obtained by instead a t − k mapping. The
k-vectors are conserved quantities before and after the
division. Therefore, single-mode wavefront division in
k−space is generally more precise and stable than cut-
ting wavefronts in real space. Furthermore, the AOD
double-pass deflection combined with beam waist man-
agements ensures uniform output coupling efficiency in-
sensitive to optical delays, effectively nullifying the cross-
talk between the delay and amplitude/phase of isolated
sub-pulses. Cross-talks among sub-pulses with short rel-
ative delay close to (τd)min (Sec. IV A) can also be cor-
rected in ways similar to overcoming the nonlinear sub-
pulse cross-talks (Sec. IV D). Finally, the application of
AOD facilitates fast updates of the shaped optical wave-
forms within microseconds, an important advantage for
various feedback controls.
F. Summary and outlook
In this work we have proposed a simple method that
precisely shapes transform-limited picosecond pulses into
sub-THz optical waveforms. We have provided proof-of-
principle demonstration of the scheme, by shaping∼11 ps
pulses into arrays of sub-pulses, resulting in single-mode
outputs with up to 100 ps duration and ∼ 30 GHz band-
width. The precision, stability, and nearly arbitrary
programability of the waveforms are corroborated with
precise measurements. In particular, by operating the
shaper in a small signal regime, we observe GHz-level
“super-resolved” features of atomic spectroscopy with
laser-cooled 87Rb atoms. We have outlined methods for
9extension beyond this demonstration, for generation of
sub-THz waveforms with duration beyond nanoseconds,
with precise waveforms stabilized by active feedbacks.
Toward error-resilient quantum control of optical elec-
tric dipoles, the shaper needs to be operated beyond the
small signal regime so as to achieve the ηP ∼ 1/N2 power
efficiency limit. For the purpose, during the waveform
stabilization (Sec. IV C) one may optimize Ai({Acj , ϕcj})
and ϕi({Acj , ϕcj}) toward target values during efficiency-
limited AOD deflections (Sec. IV D). With ηP ∼ 1/N2
and by using a same picosecond laser as in this work,
we expect sub-pulses with ∼ 10 W peak power for an
N = 5 array, which, if being focused to a ∼ 20 µm laser
spot, would lead to 87Rb D1-coupling Rabi-frequency of
Ωpeak ∼ 2pi × 100 GHz and Θi ∼ pi pulse area. To-
gether with a moderate enhancement of the control time
τc = (τd)max (such as by using AOD with a lower speed of
sound vs), the N = 5 array of isolated sub-pulses would
already enable composite pulse control in ways similar
to those in NMR research [9, 11, 13], for emergent ap-
plications in quantum optics [3, 4]. Even more complex
waveforms [8, 12] for high-fidelity single qubit gates on
a strong optical transition may be achieved with a bet-
ter focused laser beam together with longer τc and larger
N . This or similar techniques would also strengthen the
prospects of atomic state control and measurements with
a mode-locked laser [45–48], including ultra-fast control
of atomic motion for precision measurements [49, 50]
and quantum information processing [51, 52]. Taking one
more step further, by combining multi-colored waveforms
from multiple shapers, we anticipate multi-level control
of atoms for accurate preparation of specific electronic
quantum states in large samples with high optical depths,
such as those with maximum multi-photon coherence, for
emergent nonlinear and quantum optical applications.
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Appendix A: Trap loss spectroscopy
This appendix provides additional details on trap loss
measurements and the associated theoretical models.
1. Setup and measurement procedures
The laser-cooling part of the experimental setup is sim-
ilar to that in ref. [4]: Up to 107 87Rb atoms are loaded
into a magneto-optical trap in less than 1 sec. Assisted
by polarization gradient cooling, up to 105 atoms are
then loaded into a 1064 nm crossed optical dipole trap
at ∼0.5 mK initial depth, which are subsequently trans-
ferred to a hybrid trap composed of both the 1064 nm
trap and a 840 nm dimple trap. This system is de-
signed for evaporation of the sample to quantum degener-
acy [53]. In this work, slight evaporation by reducing the
hybrid trap depth produces the ∼ 10 µK atomic sample
with up to Na = 10
4 atoms. We adjust the power ratio
of the dipole and dimple traps to achieve nearly spheri-
cal atomic sample with characteristic Gaussian radius of
σ ≈ 10 µm.
To estimate the dipole trap depth, we perform a series
of absorption imaging measurements on the D2 line at
various probe detuning. Comparing with free atoms, the
5S1/2, F = 2 − 5P3/2, F ′ = 3 resonance for the dipole-
trapped atoms is shifted in the absorption spectrum by a
MHz-level light-shift ∆. We adjust the dipole trap laser
intensities to have ∆ ≈ 2pi×2 MHz. Aided by knowledge
of 5S1/2 and 5P3/2 polarizabilities, we estimate U ≈ h×
1.3 MHz and thus U = kB × 60 µK trap depth with kB
the Boltzmann constant.
We expose the trapped atoms to a shaped pulse train
for a duration Ttotal and Ntotal = Ttotal/Trep pulses.
For weak excitation with atoms being excited proba-
bilistically between long intervals, each excitation leads
to twice the photon recoil energy transfer with ∆T =
~k2
mkB
= 700 nK [24] (m is the mass of 87Rb atom). After
the heating pulses, the atoms remaining in the trap are
hold for an additional time of 30 ms, before being re-
leased for absorption measurements. We allow a 100 µs
free-flight time for the sample to expand from σ ∼ 10 µm
to about 20 µm in size. Absorption of a resonant D2
probe beam by the atoms is then imaged on a CCD cam-
era as I1. Absolute absorption A = ∆I/I is estimated
by taking an reference image I2 in absence of the sample
(An array of 21 processed absorption images are given in
Fig. 3b.). With knowledge of atomic absorption cross-
section [24], we then estimate the remaining atom num-
ber Nr and thus ∆Na = Na−Nr and l = ∆Na/Na. Trap
loss measurements at certain {Aci , ϕci , ωi}-control combi-
nations are repeated for 4-6 times. The absorption im-
ages are individually processed to estimate both the av-
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erage fractional loss ∆Na/Na and its standard deviation.
We empirically set Ttotal = 20 ∼ 50 ms (Trep = 250 ns,
Ntotal = 8 ∼ 20× 104) for sufficient heating and for high
contrast l = ∆Na/Na during the {ϕci}-scans.
2. “Super-resolved” atomic frequency response
The D1 line of 87Rb as in Fig. 3 is composed of 4 tran-
sitions separated by δfHFS,g = 6.8 GHz and δfHFS,e =
0.8 GHz hyperfine splittings. Although features of trap
loss spectroscopy is largely captured by the 2-level pic-
ture discussed in the main text, the simple model is inca-
pable of revealing “super-resolved” features as in Figs. 4,
which, as will be clarified in this sub-section, are asso-
ciated with hyperfine optical pumping effects [25]. Here
we illustrate the essential physics with a simple 3-level
model. The validity of the conclusions is confirmed by
numerical simulation of the full D1 line excitation dy-
namics.
We consider linearly polarized shaped pulses with elec-
tric field Eout(t) + c.c. composed of an array of τ = 11 ps
sub-pulses and up to τc = 100 ps duration, with central
frequency ωL to drive the pi-transition of the
87Rb D1
line. The 5P1/2 hyperfine splitting fHFS,e  1/τc and is
ignored. The light-atom interaction is effectively mod-
eled by a simple 3-level Hamiltonian under rotating wave
approximation as
Heff = ~piδfHFS,g(|b〉〈b| − |a〉〈a|) + ~(∆e − iΓ/2)|e〉〈e|+
~Ωa(t)
2 |e〉〈a|+ ~Ωb(t)2 |e〉〈b|+ h.c.
(A1)
Here |a〉, |b〉, |e〉 represent a particular set of Zeeman
sublevels with mF magnetic quantum number in the
5S1/2F = 1, 5S1/2F = 2 and 5P1/2F
′ = 1, 2 lev-
els respectively, and ∆e = ωeg − ωL and ωeg is the
mean transition frequency of the four hyperfine lines.
With the mode-locked laser central frequency tuned to
ωL = ωeg (Fig. 3), we effectively set the central de-
tuning ∆e = 0. The laser coupling Rabi frequencies
are given by Ωa(t) = Eout(t) · daeeiωegt/~ and similarly
Ωb(t) = Eout(t) · dbeeiωegt/~. The pulsed excitation and
decay dynamics can be evaluated with single-atom den-
sity matrix ρ(t), which is governed by the master equa-
tion,
ρ˙ =
1
i~
(Heffρ− ρH†eff) + CaρC†a + CbρC†b . (A2)
Here Ca =
√
Γa|a〉〈e| and Cb =
√
Γb|b〉〈e| are quantum
jump operators for effective population recycling in the 3-
level model. We thus set total spontaneous emission rate
Γ = Γa+Γb for the self-consistent modeling. With Γτc 
1, the spontaneous decay is negligible during each pulsed
excitation. On the other hand, with Trep = 250 ns 
1/Γ, spontaneous emission resets population back to the
ground states before the next excitation.
It is important to notice that with the negligible
δfHFS,e, hyperfine Raman-coupling associated with ΩaΩ
∗
b
2-photon transition is also negligible due to the pi tran-
sition symmetry. We thus set Raman coherence ρab = 0.
For atoms subjected to a train of j = 1, ..., Ntotal shaped
pulses, the state dynamics described by Eq. (A2) is there-
fore reduced to the ρ
(j)
aa , ρ
(j)
bb population dynamics. Here
ρ
(j)
aa , ρ
(j)
bb are the initial population in the |a〉, |b〉 ground
states right before the jth-pulsed excitation. For each sin-
gle sub-pulses with duration τ , we assume a flat spectrum
∝ I0(ω) to excite |a〉 − |e〉, |b〉 − |e〉 transition uniformly.
We consider Θ0 =
∑N
i=1 |
∫
κEi,out(t) · degeiωegtdt/~|,
with a simplified deg = dea = deb, and with S(ω) =
|s(ω)|2/(|s(ω)|2)max as in the main text. We thus have
the pulsed excitation probability
p(j)e =
|Θ0|2
4
(
ρ(j)aaS(ωeg+piδfHFS,g)+ρ
(j)
bb S(ωeg−piδfHFS,g)
)
.
(A3)
Here in the qualitative model we have set Ωa = Ωb with-
out losing generality. With TrepΓa,b  1, the ground-
state redistribution of atomic population after the spon-
taneous emission ∆ρ
(j+1)
aa = ρ
(j+1)
aa − ρ(j)aa is given by
∆ρ
(j+1)
aa =
|Θ0|2
4
(− S(ωeg + piδfHFS,g)ρ(j)aa ΓbΓa+Γb+
S(ωeg − piδfHFS,g)ρ(j)bb ΓaΓa+Γb
)
.
(A4)
For a train of pulses with sufficiently large Ntotal, we
are interested in the “steady state” ρ
(ss)
aa , ρ
(ss)
bb with van-
ishing population redistribution by Eq. (A4). Accord-
ingly, the excitation probability p
(ss)
e is given by Eq. (A3),
but with ρ
(j)
aa , ρ
(j)
bb replaced by ρ
(ss)
aa , ρ
(ss)
bb . We set Γa = Γb
in the simple model, and have
p(ss)e =
|Θ0|2
4
S˜(ωeg, piδfHFS,g), (A5)
with spectral response function which depends on the
shaped pulse spectrum factor S(ω) through
S˜(ω, δf) =
2S(ω − piδf)S(ω + piδf)
S(ω − piδf) + S(ω + piδf) . (A6)
Notice S˜(ω, δf) is reduced to S(ω) at the small δf limit
for Eq. (A5) to recover the 2-level result in the main text.
To see why S˜(ω, δf) may suggest “super-resolved” fre-
quency response, we consider shaped pulse with S(ω) = 0
for ωeg+piδfHFS,g, but with significant S(ωeg−piδfHFS,g).
That is, the shaped pulse can drive |b〉−|e〉 transition effi-
ciently, but do not has the frequency component to drive
the |a〉−|e〉 transition. In contrast to a naive expectation
that pe would merely be reduced by a (|a〉−|e〉)-weighted
factor, we have S˜(ωeg, δfHFS,g) completely vanishes, sug-
gesting atoms do not response to the light excitation at
all. This is because the ground state is repopulated to
ρ
(ss)
aa = 1 so as to be completely “dark” to the excita-
tion. Similar situation appears for S(ωeg−piδfHFS,g) = 0
with significant S(ωeg + piδfHFS,g). We thus expect two
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zeros of p
(ss)
e when a zero of S(ω) is scanned between
ωeg ± piδfHFS,g, regardless of how wide the S(ω) distri-
bution is! This population redistribution leads to appar-
ent “super-resolved” feature as in Figs. 4. The features
demonstrate high resolution of the programmable shaped
pulse at GHz-level in this work, with passive waveform
stability over many hours (Though slow waveform drifts
due to drifts of optical alignments are still expected, as
suggested by the data and discussed in Sec. IV C.).
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